Introduction
In the ecological studies of Rhizobium, serological techniques are considered the most satisfactory (Parker et al. 1977) . The search for sensitive and convenient rhizobial detection in ecological studies led to the enzyme-linked immunosorbent assay (ELISA), an immunological technique in which soluble antigen or antibody is linked to an insoluble solid phase, resulting in retention of the reactivity of the immunological component (Voller et al. 1973 (Voller et al. , 1979 . The microplate method appears to be more sensitive and convenient than other serological methods such as agglutination (Means et al. 1964) , immunodiffusion (Damirgi et al. 1967) , or immunofluorescence (Schmidt 1973) . The ELISA technique has been adapted for agricultural uses, including detection and identification of rhizobia in culture or legume nodules (Kishinevsky and BarJoseph 1978; Berger et al. 1979; Ahmad et al. 1981; Olsen et al. 1983 ).
The ELISA technique was modified to conveniently and rapidly handle large numbers of nodules, both in the laboratory and in field studies, without any loss in sensitivity. We studied the use of ELISA to detect rhizobia grown in vitro and rhizobia obtained from root nodules of cowpea (Vigna unguiculata (L) Walp. ) and soybean ( Glycine mar (L) Merrill). Environmental factors and handling methods that could influence the detection of rhizobial cells in nodules of field-grown plants were also examined. Both the double antibody sandwich (direct) and the indirect ELISA methods (Voller et al. 1979 ) were compared to determine which is superior in such assays. 'Journal Series Paper No. 273 of the International Institute of Tropical Agriculture.
'Author to whom reprint requests should be addressed.
Materials and methods

Rhizobium cultures
Cowpea rhizobium 1Rc 430A, isolated from cowpea (cv. TVu 4540) grown in Maradi, Republic of Niger, was used as pure cells and as an inoculant for cowpeas (cv. VITA 7 and Ife Brown). Rhizobium japonicum IRj 21 14str, a streptomycin-resistant mutant of IRj 21 14 (RCR 3407 or CB 1809), was used for soybeans (cv. TGm 1 19 and TGm 294-4). Both Rhizobium strains are from the culture collection of the International Institute of Tropical Agriculture (IITA) and were maintained on yeast extract mannitol (YEM) agar slants (Vincent 1970) .
Preparation of gamma-globulin and enzyme-labelled gamma-globulin
For preparing antisera, the Rhizobium strains were grown on the defined liquid YEM medium (Vincent 1970) for 7 days at 25OC. Bacterial cells were collected by centrifugation at 12 000 X g for 10 min and resuspended in 0.85% saline solution. The cells were then thoroughly washed with saline, recentrifuged, and the cell concentration was adjusted to 10'-lOY/mL. The antisera were prepared by intramuscular injection of rabbits with a mixture of I mL of rhizobial suspension and I mL of Freund's incomplete adjuvant. Three weekly injections were given. Two weeks after the last injection, the rabbits were bled and titers were determined in a precipitin test (Vincent 1970) , using serial dilutions of antisera and Rhizobium cell suspensions. When necessary, booster injections were given to increase titer.
The procedure for partial purification of gamma-globulin was essentially that described by Clark and Adams (1977) . Globulins were separated from albumin by salt precipitation at room temperature, using half-saturated ammonium sulfate, followed by extensive dialysis against phosphate-buffered saline (PBS) (0.02 M phosphate buffer, pH 7.4, containing 0.15 M NaC1, 0.003 M KCI, and 0.02% sodium azide). Partial purification of IgG was achieved by filtering the preparation through a column of DE 22 cellulose (Whatman Ltd.). The gamma-globulin concentration was adjusted to approximately 1 mg protein/mL ( E : '~~, , , , , = 1.4). This partially purified gamma-globulin prepared from specific antiCan. J. Microbiol. Downloaded from www.nrcresearchpress.com by Canadian Science Publishing on 09/13/15
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serum against Rhizobium and goat anti-rabbit gamma-globulin (7 S fraction, Nordic Immunological Laboratories) were conjugated with alkaline phosphatase for the direct and indirect ELISA, respectively, as follows: 5 mg alkaline phosphatase (type V11, Sigma) was mixed with 2.5 mL of a 1 mg/mL gamma-globulin solution and dialysed extensively for 24 h against PBS at 4OC. At room temperature glutaraldehyde was added to the dialysing buffer to give a final concentration of 0.05%, and dialysis was continued for 8 h at room tem-
perature. To remove excess glutaraldehyde, dialysis was continued for \ 24 h in PBS at 4°C. Then the conjugate was diluted with PBS to make 1 7.5 mL, and 5 mg of bovine serum albumin was added per millilitre i of conjugate. The conjugate was stored at 4°C.
Preparation of antigen i
Pure cell antigens were prepared by growing rhizobia in liquid YEM 1 medium (Vincent 1970 ) on a reciprocal shaker for 7-I0 d a y~a t 25°C. : The broth culture was centrifuged for 10 min at 12 000 x g, and the pellet was resuspended in 10 mL of 0.85% saline and recentrifuged to wash the cells. The pellet was resuspended in PBS with 0.05% Tween 20 at pH 7.4, supplemented with 2% polyvinylpyrrolidone ("extrac-' tion buffer") for direct ELISA or with a "coating buffer" (0.05 M sodium carbonate, pH 9.6) for indirect ELISA. The cell concentration was adjusted to 10'-lo9 cells/mL to provide a stock and the antigens from 5-week-old cowpeas and soybeans grown in sterile sand which -:. . . . . . . were previously inoculated with IRc 430A or IRi 21 14str, respecti;ely. In addition collections were made from 10-week-old plants grown under field conditions in which wat-base inoculants of rhizobia -were used to inoculate seed prior to sowing. Nodule antigens were prepared for ELISA as follows. In routine, preliminary studies on the development of the methods, nodules were bulked and crushed either with 0.5 mL extraction buffer per nodule for use in a direct ELISA or with 0.5 mL coating buffer per nodule for use in an indirect ELISA. ..
--------: .'] (M 129A, Dynatech Laboratories, U.S.A.). To each well 25 p,L ex-I traction buffer for the direct ELISA or coating buffer for the indirect ; ELISA was added. Each nodule was crushed using a glass rod after : which 200 p,L buffer/weIl was added, leaving the nodule tissue in the i wells. For crushing on slides, nodules were placed on microscope slides and crushed with glass rods after the addition of 225 p,L of i buffer. To revive dried nodules distilled water was added for a period I of 1 to 2 h. The rehydrated nodules were then placed singly in wells or on slides for crushing.
Assay of rhizobium by ELISA
Both the direct (double antibody sandw~ch) and indirect ELISA following the addition of gamma-globulin and conjugate.
In the indirect ELISA, the selected combination of the gammaglobulin and conjugate was compared with values reported by Ahmad et al. (1981) under substrate levels of 0.5 and 0.6 mg/mL.
Nodule storage and antigen recovery
To verify which method is appropriate for the subsequent handling of nodules from distant fields, two storing techniques were compared. Nodules from sand-grown plants were stored either in a freezer (-10°C) or over silica gel at room temperature. Those from fieldgrown plants were frozen. Nodules were stored for 6-8 weeks. Prior to analyses, nodules were revived and crushed either on microscope slides or in wells of ELISA plates as described above.
Temperature and incubation effects on ELISA procedures
Three experiments were conducted to investigate the effects of temperature and duration of incubation of loaded plates on the ability to detect rhizobia in nodules. To minimize variation among replicates, nodules were crushed en rnasse in extraction buffer for the direct ELISA and in coating buffer for the indirect ELISA. Details are given below.
Results and discussion
Assay of rhizobium by ELISA
In initial experiments of the direct (double antibody sandwich) ELISA, it was found that gamma-globulin containing I pg protein/mL and conjugate dilution of 1 : 250 provided the best results with cowpea rhizobia. At high antigen dilutions positive results were still obtained. Nonhomologous antiserum of IRj 21 14str served as a reliable negative control. The combination of I pg protein/mL and 1 : 250 was also found to be the best for detecting cell and nodule antigens of R. japonicum IRj 21 14str. Cell antigens were detected at dilutions of 1 : 100, a concentration of lo6-lo7 rhizobia/mL. Kishinevsky and BarJoseph (1978) were able to detect peanut rhizobia in suspensions containing lo4-lo5 cells/mL. The duration of the ELISA test was cut from 4 to 2 days in peanut rhizobium studies when these researchers used an incubation temperature of 35°C at the gamma-globulin and conjugate loading stages. We evaluated the suitability of a shorter incubation period, using the optimum combination of gamma-globulin and conjugate from the initial experiments. The detection of IRc 430A antigen (whether of cells or nodules) was as good or better when plates loaded with gamma-globulin and conjugate were incubated for 3 h at 37°C than when incubated overnight at 4°C (Table 1) . Incubation of 37°C saved time; it also made it possible to detect much smaller quantities of antigen than at 406. This short assay was adopted in subsequent direct ELISA tests.
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checkerboard assay revealed that for both IRc 430A and IRj 21 14str, a gamma-globulin concentration of 1 yg protein/mL and conjugate dilution of 1 : 400 gave the best results. IRc 430A could also be detected at a conjugate dilution of 1 : 800. To facilitate procedures, the conjugates were used at 1 : 250 since tests were usually conducted for both strains simultaneously. An advantage of the indirect ELISA is that the same goat anti-rabbit gamma-globulin conjugated to alkaline phosphatase can be used to detect differential rhizobial antigens. Thus, Ahmad et al. (1981) used one conjugate dilution to detect antigens of several cowpea strains and also of R. japonicum CB 1809, the wild type of strain IRj 21 14 str. Our data showed that for both IRc 430A and IRj 21 14str the ability to detect either cell or nodule antigens in indirect ELISA at substrate concentration of 0.5 or 0.6 mg/mL (Table 2) was as good with a gamma-globulin concentration of 1 pg protein/mL and conjugate dilution of 1 : 250 as with the 100 pg protein/mL and 1 : 1600 dilution, respectively, reported by Ahmad et al. (1981) .
Nodule storage and antigen detection
Until the ELISA can be modified to permit assays of nodules under field conditions, nodules have to be brought back to the laboratory. The effects of two nodule storage techniques were examined. Both the size of the nodules and the method of nodule crushing on the detection of rhizobial antigens were explored. The detection of IRc 430A antigens was influenced neither by the nodule size nor by the method of preservation or crushing (Table 3 ). In the case of IRj 21 14str only small differences were noticed. Thus, antigens can be detected from nodules stored either way. Smaller nodules, if well maintained, will contain sufficient rhizobia to be detected by ELISA, as has been shown by other workers (Kishinevsky and Bar-Joseph 1978; Berger et al. 1979) . Cell death owing to boiling was shown by the same workers and Olsen et al. (1983) not to have an influence on the recovery of rhizobia. Except in one instance, the crushing of nodules directly in ELISA plates gave 1; the first experiment, plates loaded with antigens for indirect ELISA were incubated for 0, 2, 4, 8, 12, or 24 h at 4, 26, and 37"C, and the standard test completed. With cowpea nodule antigens, absorbance increased gradually up to 8 h at all temperatures tested (Fig. 1) . The absorbance decreased sharply afterwards until 12 h incubation, and further decreased slowly up to 24 h. Rhizobia were easily detected within frozen cowpea nodules if the loaded plates were incubated at any of the temperatures previously mentioned and if the incubation period did not exceed 12 h. Detection of rhizobia within dried nodules was not as apparent, especially for plates incubated at 26°C or at the other two temperatures (4 and 37°C) for'more than 12 h. Improper drying over silica gel may have caused cell disintegration. Detection of antigens was highest when loaded plates were incubated for 8 h, regardless of the temperature. The recommended length for incubation of loaded plates at 4°C is overnight (Voller et al. 1973; Maat and De Bokx 1978) . Caution must be exercised for each modification of the assay. Incubation at 37°C for 3 h yielded good results, as discussed above.
Detection of rhizobia within soybean nodules was not as reliable (Fig. 2) as in the case of cowpea nodules. Incubation at 4°C gave the best antigen detection. An 8-h incubation period gave the best detection, regardless of temperature. An unexplainable increase in antigen levels in samples incubated for over 12 h at 37°C was noticed. As in the case of cowpea nodules. rhizobia could better be detected within frozen rather than within dried soybean nodules.
From these observations it can be concluded that cowpea and soybean nodules collected from the field should be frozen where possible. During the coating of antigens in subsequent ELISA tests, plates should not be kept for more than 12 h.
Loading ELISA plates with nodules under field conditions and completing the-test later in the laboratory would circumvent quarantine restrictions. Therefore, in the second experiment the direct and indirect methods were used to examine the effects of temperature and the incubation time for plates after Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by Canadian Science Publishing on 09/13/15
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The detection of antigens by indirect ELISA was not as j predictable (Table 4) . This may be due to the poor adsorption j of nodule antigens onto the plates. The indirect method is not i recommended for the detection of nodule antigens from distant fields owing to the much lower sensitivity (as per the data). Because the direct method has potential for field studies, the third experiment was specifically designed to test how long I plates loaded with gamma-globulin can be stored, at 4 or 37"C,
before the loss of gamma-globulin reactivity is significant . . . .
; enough to affect the detection of the antigen. When plates loaded with anti-IRc 430A gamma-globulin were incubated at 4"C, there was still sufficient reactive gamma-globulin after 15 days to permit antigen detection (Table 5 ). Decreasing the concentration of antigens to simulate smaller nodules decreased the intensity of reaction. Increasing the incubation period further reduced the intensity of reaction. Incubation of gammaglobulin at 37°C markedly decreased the amount of antigen detected.
The same was true in the detection of soybean nodule antigen when incubated for up to 10 days at 4°C or up to 5 days at 37°C. Afterwards, however, there was an unexplained increase in the recovery of soybean nodule antigen at both temperatures (cf. globulin coated plates at 4°C is superior to incubation at 37OC. However, incubation at 4OC in the field would not be feasible. Gamma-globulin coated plates could be incubated at 37OC for 5-10 days and the rhizobia can readily be detected provided that the nodules contain sufficiently high numbers.
